Abstract. Food waste is a potential source of renewable carbon that can be utilized as a feedstock for biofuel production. Instead of disposing it in the landfills, food waste can be processed through thermochemical process known as torrefaction, which is conducted between 200°C and 300°C under inert atmosphere, to produce energy-dense biochar. Due to high oil content in the food waste, wet rendering process is introduced as a pre-treatment step to remove the oil from food waste. In this study, the potential of food waste as a renewable energy source is studied, where the biochar produced from direct torrefaction (DT) is compared with the biochar produced from torrefaction process that is preceded with wet rendering (WR) process. Food waste was torrefied in the fixed bed reactor at temperatures 220°C, 240°C and 260°C, with various residence times (15 min, 30 min and 45 min). The produced biochar were characterized in terms of its elemental composition, High Heating Value (HHV) and proximate analysis which includes moisture content, fixed carbon, ash content and volatile matter. It was found that the torrefied food waste shows improved physical properties when compared to raw food waste. The moisture content showed significant reduction while the fixed carbon increased with increasing torrefaction and residence time. This effects were further improved with WR, especially HHV which indicates that the WR process followed by torrefaction may be able to further improve the produced biochar.
Introduction
Biomass is a primary type of renewable energy which is expected to be an important energy source in the coming years. However, raw biomass has some disadvantages when used as fuel, such as its low high heating value (HHV), high moisture content, hygroscopic nature, smoke emission during combustion, its heterogeneous and uneven composition, and transport difficulties [1] . To overcome these problems, biomass is required to be pretreated to improve its quality for efficient energy conversion.
Recently, the treatment of biomass at low temperature ranging from 200 to 300°C under an inert atmosphere was found to be effective for improving the energy density and shelf life of biomass. This treatment method is known as torrefaction, and it has been widely applied to wood and other agriculture biomass to produce biochar. The main improvements of torrefied biomass include reduced moisture content and an increased energy density; a reduced oxygen-to-carbon (O/C) ratio, which increases the HHV; and the ignitability and reactivity are improved, which enhance the efficiency during gasification and pyrolysis [2] [3] [4] and its hydrophobicity [5] .
Food waste is recognized to be a huge problem worldwide, and is particularly severe in developed countries. It can be defined as all edible food materials produced for human consumption but left uneaten, either lost or discarded throughout the food supply chain. It is discharged from various sources including food processing plants, and domestic or commercial kitchens, cafeterias, and restaurant [6] and most likely ends up in the landfill. However, approximately one-third of food (around 1.3 billion tons per year) produced for human consumption is lost or wasted globally [7] . It was reported that on average a household in Malaysia throws way around 0.5-0.8kg uneaten food per day [8] . This problem is estimated to continue to increase which corresponds to economic development, population growth, and urbanization as Malaysia's population is expected to increase. Currently, Malaysia has applied few types of technologies in waste management system such as recycling, composting, incineration, inert filling and sanitary landfill. However, food waste utilization is scarce and should further be explored, especially its potential as biochar.
The heterogeneity of Malaysian's food, most notably in the food preparation methods, which includes the use of cooking oil and coconut milk, has influenced the characteristics of the food waste, especially its oil content. A simple method, wet rendering (WR) may be applied to pre-treat the food waste prior to its valorization, which involves heating with hot water at temperature between 70-80°C [9] , which may remove the oil content and further improve the quality of the produced biochar.
At the moment, limited work has been done in biochar production through the torrefaction of food waste, and none is available on pre-treating the food waste via WR. Hence in this study, the effects of torrefaction temperature and time are investigated on the properties of food waste that is treated via WR, and compared it with food waste torrefied without being pre-treated. This is to evaluate the viability of WR in further improving the produced biochar.
Experimental

Material and Sample Preparation
Food waste used in this study was collected from four cafeterias in Universiti Malaysia Pahang which comprised of raw and cooked food waste such as poultry, rice, egg shell, fruit peels and vegetable. For samples pre-treated via WR, ratio 1:2 of food waste to water was cooked in 1L of conical flask at 80°C for 40 min [10] . The food waste was then filtered by using filter cloth and dried in the oven at 105°C for 24 hours, until its weight remained constant. Samples for direct torrefaction (DT), were initially dried directly in the over 105°C for 24 hours. 
Experimental Procedure
The dried sample was ground to ensure homogeneity. Each experiment was carried out with 8 g of food waste sample at atmospheric pressure. In this study, a vertical fixed bed reactor with an inner diameter of 3.7 cm and length of 10 cm was used for the torrefaction, as schematically shown in Figure 1 . The reactor was flushed with nitrogen at 2 l/min for 5 min, before the temperature of the reactor was raised to the desired temperature, 220°C using an electrical heater. Once the temperature reached 220°C, residence time was maintained for 15 min. A 2 l/min of nitrogen flowrate was maintained throughout the torrefaction experiment. After 15 min, the heater was switched off and the nitrogen gas was allowed to flow for another 10 min to cool down the reactor. The same procedure 4 
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Material Science Technology and Global Sustainability II was repeated for different residence times; 30 min and 45 min. and torrefaction temperatures; 240°C and 260°C. The torrefied sample was then removed and weighted. Each run was repeated at least 3 times to ensure consistency.
Analysis
Mass Yield
The mass yield was determined by using equation (1):
Where M is the mass of the sample, the subscripts 0 and t represents the initial value before torrefaction and the final value after torrefaction, respectively.
Proximate Analysis (PA)
Proximate analysis was used to identify the moisture content, volatile matter, fixed carbon and ash content (by difference) of raw food waste and torrefied biomass. Thermo Gravimetric Analyzer, TGA (Hitachi STA 7000, Japan) in Cariff lab, UMP was used. A sample weight of 10 mg was heated from 25 to 600°C at a heating rate of 10°C/min under 50ml/min nitrogen purging. The temperature was then further increased to 900°C at the same rate but purged with 20ml/min air.
Ultimate Analysis (UA)
Ultimate analysis was determined by using CHN analyzer (PerkinElmer, PE2400, Series II, Vario MICRO cube, USA) in International Islam University Malaysia, IIUM to determine the elemental composition of C, H and N of the raw and torrefied food waste. The O content was calculated by difference. Helium gas was used as carrier gas, oxygen is used to aid combustion, and nitrogen gas is used to drive pneumatic. In the sample preparation, 1.900 to 2.100 mg of sample was prepared in the tin capsule by using a micro-balance. The sample was combusted at the temperature of 925°C and pass through the reduction column at 640°C. The procedure adhered to Standard Test Method for Instrumental Determination of Carbon, Hydrogen and Nitrogen in Laboratory Sample of Coal [11] .
High Heating Value (HHV)
Friedl et al. [12] proposed a method for the calculation of calorific value based on the C, H and N content with a partial least square regression (PLS) and ordinary least squares regression (OLS) method. There were calibrated using 122 different biomass samples and gave higher heating value (HHV) on a dry basis as shown in equations (2) and (3).
Where C = carbon, H = hydrogen and N = nitrogen content expressed on a dry mass percentage basis. Calorific values are calculated using an average of the results from both two methods [4] .
Results and Discussions
Characterization of Food Waste Samples
Food wastes were collected from four cafeterias in Universiti Malaysia Pahang, which are referred to as Sample 1 -4. The fifth sample is the mixture of the food wastes from these cafes. The proximate, ultimate and calorific value of raw food waste are shown in Table 1 . The moisture content of the raw food waste ranged from 55.37 to 62.33%, slightly lower than the moisture content of raw food waste in previous studies [5, 13] which are 79.0% and 85.6%, respectively. The variation in the moisture content results compared to other researches could be explained by the variability of the samples probably due to different types of food and its compositions, and ultimately the food wastes. The volatile matter of food waste in this study ranged from 54.33 to 66.89%, followed by its fixed carbon at the range of 22.32 to 31.06%, which was comparable to other agricultural biomass [14] . In contrast, the volatile matter content was lower, by almost 30% than reported by Poudel et al. [5] . The ash content values ranged from 7.43 to 20.15% which is in the range with the literature [5] , although, high ash content may negatively influence the high heating value [15] . The elemental compositions of raw food waste; Carbon (C), Hydrogen (H), Nitrogen (N) and Oxygen (O) ranged between 30.220 to 35.570%, 8.352 to 9.284%, 3.379 to 6.071% and 50.678 to 55.373% respectively. HHV from the raw food waste ranged from 11966 to 13679 kJ/kg which was lower than the literature in which the HHV value was 19520 kJ/kg [5] .
Mass Yield
Increasing temperature and residence time significantly decreased biochar mass yield, as shown in Figure 2 . The lowest biochar mass yield, 89.9% and 91.2% were observed at the temperature of 260°C and residence time of 45 min in both the DT and WR experiments. The yield of biochar decreases with the increment of temperature and residence time due to devolatilization of food waste in the release of carbon monoxide, carbon dioxide and water [16] . Similar decreasing trend of results were reported by other researchers [2, 15] . The observed overall mass yields for DT in Figure 2 was lower than WR. This is most probably caused by devolatilization during torrefaction, whereby oily compounds of the food waste that goes through DT degraded to smaller components and devolatilized which results in higher mass loss in the resulting biochar compared to the food waste pre-treated with WR step.
In this study, the mass yield was found to be more sensitive to torrefaction temperature than to the residence time. In the DT samples, the mass yield torrefied at 220℃ dropped from 98.0% to 95.9% after 15 min and 45 min, respectively, whereas, the food waste torrefied at 260℃ dropped to 95.4% only after 15 min. In the torrefaction of food waste samples with WR, the mass yield of food waste torrefied at 220℃ decreased to 98.3% and 96.6% after 15 min and 45 min, respectively, whereas the food waste torrefied at 260℃ decreased to 95.8% mass yield after 15 min. For both DT and WR, the mass yield was the least was at 260 and 45 min, which are 89.7% and 91.2% respectively. From these observation, it can be inferred that both the residence time and temperature plays important role in the mass yield of the torrefied food waste and further increase in residence time and torrefaction temperature will results in more significant mass loss, although with WR pre-treatment step, the mass yield is slightly higher.
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Proximate Analysis
In the Proximate Analysis, moisture content, volatile matter, ash content and fixed carbon percentages were determined from TGA curve. The proximate result of food waste samples underwent DT and WR are summarized at Table 2 . 
Biochar Moisture Content as influenced by torrefaction temperature and residence time
Significant improvement can be observed with regards to the food waste moisture content as shown in Figure 3 , whereby sharp reduction is shown when compared to both DT and WR samples. When the torrefaction temperature and residence time further increases, the moisture content of the biomass decreased. The lowest moisture content 5.2% (WR) and 4.3% (DT) were observed for the torrefied samples at 260°C after 45 min. The moisture reduction in the torrefied biomass may be attributed to, in part, due partial decomposition of hemicellulose, that will be the first to be degraded after water evaporation, followed by cellulose and lignin [3] . In this study, the moisture content was found to be more sensitive to torrefaction temperature than to the residence time. For example, from Figure 3 , the food waste torrefied at 220°C with moisture content of 7.2% dropped to 6.9% and 6.5%, 30 and 45 min of residence time, respectively. Whereas food waste torrefied at 240°C dropped to 6.6% moisture content after 15 min, both from the WR samples. Similar trends can also be observed for DT samples. From Figure 3 , moisture content of torrefied product with WR was higher than DT torrefied product. This is probably caused by the WR steps due to addition of water that may have not been removed entirely. However, there are other criterions that should be evaluated to determine the suitability in improving the biochar properties. [18] . In the torrefaction with WR, lowest torrefaction temperature, 220°C, resulted in minor changes to the percentage of volatile matter content from an average 60.53±4.32% to 56.6%, 53.7% and 51.9% (6.9%, 11.28% and 14.26% volatile matter loss) corresponding to 15 min, 30 min and 45 min, of torrefaction residence time respectively. However, increasing the torrefaction temperature, a significant loss of volatile matter content is observed, which is attributed to the loss of volatile gases such as H2O, CO and CO2 [17] . The highest volatile matter loss from 60.53±4.32% to 50.1% (17.32% volatile matter loss), was observed in the torrefaction with WR at 260°C and 45 min residence time. From Figure 4 , the overall volatile matter content of DT torrefied sample was higher than the torrefied sample with WR. This indicates that the WR pre-treatment step has removed a fraction of the volatile matter from the sample. Therefore, it could be inferred that high volatile matter content of torrefied sample was due to high concentration of oil component which had not been devolatilized [18] . 
Biochar Ash and Fixed Carbon Content as influenced by torrefaction temperature and residence time
Ash is formed from alkaline earth metallic (AAEM) species such as sodium, magnesium, potassium and calcium that do not volatize, but instead form inorganic salts or carbonates and oxides during biomass conversion. From Figure 5 , increasing torrefaction temperature and residence time significantly increased ash content for both DT and WR samples. It can be noted that that the most substantial increment from an average 7.9±4.24% in the raw food waste to 20.3 and 20.9% of WR and DT torrefied samples respectively, were under severe torrefaction condition which is at 260°C and 45 min. High content of these inorganic fractions, despite having a catalytic role during the application of torrefied biomass in thermochemical conversion, are actually problematic due to their low melting points [19] . According to Thompson et al. [20] , diluted acid has been recommended to leach out alkali minerals from the biomass to enhance blending and co-firing application. Figure 6 illustrates the influence of torrefaction temperature and residence time on fixed carbon of samples underwent WR and DT. It can be observed that the fixed carbon for samples pre-treated with WR step are significantly higher than that of DT. Increasing the torrefaction temperature had a positive impact on the fixed carbon, however further increase of the torrefaction residence time was detrimental, as it reduces the fixed carbon content. The fixed carbon content that is higher when the samples underwent the WR pre-treatment step may be influenced by the partial removal of volatiles, where when reduced, the probability of its reactions with the carbon content in the remaining solids also reduced. 
Ultimate Analysis
The results of the elemental analysis of the raw and torrefied products that underwent DT and WR pre-treatment step are shown in Table 3 . The weight percentage of C in the products increased with an increase in the torrefaction temperature and residence time. In contrast, the weight percentages of H and O show a decreasing trend. The reduction in hydrogen and oxygen are attributed to dehydration and de-carbon dioxide from the biomass during torrefaction [17] . It is clear that the emission of either CO2, CO or H2O [17] will result in the decrease of the H and O contents of food waste. The increase in the carbon content is apparent due to the decrease in the oxygen content. The result indicates that the torrefaction method increases the energy density of the food waste by removing oxygen. In addition, the increase of elemental nitrogen content was observed. N appears in the elemental composition as it is present in the protein content of food waste [5] . The C content for both WR and DT increased by a minimum of 13.723% and 13.497% to 47.658% and 47.432%, respectively. Maximum C content increment could be achieved by 17.763% and 17.050% for WR and DT respectively, at the most severe temperature, 260°C with the residence time of 45 min. Based on these elemental analysis, both the DT and WR steps is shown to have only a slight variation, although WR is slightly better.
High Heating Value (HHV)
The HHV of a solid fuel indicates the amount of energy that it can potentially generate. The average HHV of raw food waste reported in the present study is 13512 kJ/kg. the HHV at 220°C and 15 min was 17562 kJ/kg whereas HHV at 260°C and 45 min was 22099 kJ/kg. In the torrefaction with WR, the food waste torrefied at 220°C rose to 17327 and 19565 kJ/kg after 15 and 45 min, respectively, whereas food waste torrefied at 260°C rose to 20058 kJ/kg HHV only after 15 min. The same trend can be observed for DT torrefaction, whereby the raw food waste torrefied at 220°C rose to 17562 and 19681 kJ/kg after 15 and 45 min, respectively, while food waste torrefied at 260°C rose to 22099 kJ/kg HHV after only 15 min. From these observations, it can be inferred that changes in HHV was larger with the influence of torrefaction temperature compared to the residence time of torrefaction. The WR step was also observed to be able to improve the heating value of the torrefied food waste. Figure 6 : Effect of torrefaction temperature and residence time on the fixed carbon content of DT and WR torrefied food waste. 
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Conclusion
As a conclusion, the torrefaction temperature has had a more significant impact to the characteristics of the biochar produced through torrefaction compared to residence time. The characteristics of the food waste underwent DT and WR pre-treatment step had similar trend that will allow for food waste to be a potential solid biochar. Based on the obtained results, it can be concluded that the WR step may in fact further improve the properties of torrefied food waste, especially in the reduction of volatile matter, high fixed carbon content as well as high HHV. 
